Animal Usage
One day prior to exposure, cultures were pooled and the medium decanted to remove accumulated debris. Immediately prior to exposures, all animals were pooled in a mesh bag and rinsed to retain only adults and remove neonates via size exclusion in order to prevent bias within samples. Adults and neonates are believed to have different osmoregulatory systems (Bianchini and Wood, 2008) , and in preliminary studies the salinity levels used in these experiments stopped reproduction (data not shown). Animals were then randomly distributed among 2 L beakers containing either control (15 mOsm) or saline (150 mOsm) artificial media; salinity was increased by adding NaCl and measured using a model 3300 Advanced Micro Osmometer (Advanced Instruments, Inc., Norwood, MA, USA). At the end of the exposure period, the animals were collected in a fine mesh-bottomed cup and roughly 200/ sample transferred to a 2 mL low-retention microcentrifuge tube. Excess media was immediately removed using a 1 mL pipette and samples were snap-frozen in liquid nitrogen, then transferred to −80°C for storage.
Molecular Methods
Sample homogenizing and SDS-PAGE (1D and 2D) were carried out as described (Dowd et al., 2010) with the following modification: for 2D experiments (n = 6 per treatment), samples were prepared using a phenol:chloroform:isoamyl (PCIA) method (Antonioli et al., 2009 ). The PCIA method was used in place of acetone precipitation as preliminary optimization studies demonstrated a $2.5Â increase in spot visibility (data not shown).
Protease Inhibitor Screening
Individual protease inhibitors (Calbiochem Protease Inhibitor Set catalog #539128, Rockland, MA, USA) E-64, EST(E64-D), Leupeptin, Pepstatin A, TLCK (HCL), TPCK, Complete Minitab protease inhibitor cocktail (Roche, Indianapolis, IN, USA), or no inhibitor control were added to Radio-ImmunoPrecipitation Assay (RIPA) homogenization buffer prior to manual disruption at maximal effective concentration. Homogenates were either immediately electrophoresed or left at room temperature for 6 hr prior to separation via 1D SDS-PAGE, and each sample was run both with and without pre-load heating.
Azocasein Assay
This assay was carried out in duplicate exactly as described in protocol SSAZOC03 supplied with azocasein substrate (SigmaAldrich, St. Louis, MO, USA), except identical reactions were terminated after 10, 30, or 60 min. The absorbance values at 440 nm were adjusted for blank and total protein concentration, then averaged and plotted against time.
Gel Image Quantification
Protein staining in 1D gels was quantified using ImageQuant 5.1 (Molecular Dynamics, Sunnyvale, CA, USA). Each lane was divided at the 37 kDa marker into an upper and lower quantification box; total volume data was exported to Excel for analysis by dividing top volume/bottom volume to generate a ratio which reflected the relative amount of protein found in the upper versus lower portion of the gel.
RESULTS AND DISCUSSION
In Vivo Sodium Chloride Exposure Prevents Proteome Degradation An initial attempt at typical 2DGE analysis comparing control and sodium chloride-exposed animals yielded an unexpected result: post-extraction degradation of proteome samples was prevented in salinity-treated animals ( Fig. 1A and B) . Replicate gels within control or salinity groups were very similar and completely overlayable; a typical representation of the data is shown (Fig. 1A and B). However, quantitative comparison of control and salinity gels proved impossible as very little of the proteome map could be matched for quantitative analysis (Fig. 1D ). In the control gels spots occurred almost exclusively in the lower left quadrant (low molecular weight, acidic) with a high degree of streaking and background "smudge," indicating protein breakdown (Fig. 1A) . In contrast, spots on salinity gels were well-resolved and covered the full range of molecular weight and isoelectric point (Fig. 1B) . We conclude that salinity exposure leads to endogenous regulation of the proteolytic factor(s) present in D. pulex, and hypothesize that one or more proteases are responsible for this effect. Proteases are the most likely factor responsible given that most other molecules (e.g., catalytic RNAs) should have been removed during the PCIA protein purification.
To further assess degradation rates, we performed an azocasein activity assay and found that proteolytic activity is entirely eliminated within salinity homogenates ( Fig. 2A) . This quantitative assay confirms the qualitative observation of salinity-induced degradation control, presented in Figure 1 .
Degradation Occurs in Chemically Denaturing Conditions
Because it seems counterintuitive and highly unlikely that constitutive whole-proteome degradation could be tolerated within living animals, we hypothesized that the proteome breakdown occurred post-homogenization during sample processing as one or more proteolytic factors were released from a confined cell compartment, resulting in protein degradation as is often observed (North and Beynon, 2001) . Our data further suggest that the proteolytic factor(s) is inactivated by high salinity in vivo, thus minimizing proteome degradation during sample preparation. In searching for ways to inhibit the proteolytic factor(s) in vitro in extracts from control samples we observed degradation in a 1D SDS-PAGE gel visible after the transition to 8 M urea-containing buffer, and not during the initial homogenization step (Fig. 3) . One-dimensional banding patterns were intact in RIPA homogenization buffer, and samples in this buffer left at room temperature for 6 hr prior to electrophoresis showed no additional visible degradation (data not shown).
To ensure that degradation was not method-specific, we compared PCIA-prepared samples to the traditional 10% TCA/ 90% acetone method and observed the same overall pattern of degradation, except that PCIA resulted in a much higher spot yield of breakdown products. To further confirm this result, we ground frozen tissue in liquid nitrogen and suspended this homogenate directly in urea buffer, and again obtained the degraded 2D pattern (data not shown). We additionally found that the standard step of adding SDS prior to loading 1D gels, when not followed immediately by heating, also led to degradation (Figs. 3B and 4). Thus, the proteolytic effect occurred every time after a sample was exposed to chemically denaturing conditions (8 M urea, SDS, 10% TCA), and was not specific to a particular processing method.
Salinity-Induced Cessation of Degradation Requires In Vivo
Exposure for At Least 1 Hr Next, we considered whether the change in degradation could be due to differences in salt concentration during homogenizing and processing or if it reflected real biological events. If activity of the supposed proteolytic factor required lower saline concentrations during post-homogenization processing, then salt-exposed samples might simply have a higher osmolality due to small amounts of media carried over during sample collection, or due to a higher salt load within the organism from acute salinity exposure. On average, salinity-exposed samples in homogenization buffer did have a marginally higher osmolality (314.7 AE 1 mOsm control; 328 AE 0.3 mOsm salt). However, if this slight osmolality change in the homogenization buffer were sufficient to induce alteration of proteolytic activity, then all salt-exposed samples would be expected to exhibit the same degradation pattern. This prediction is inconsistent with our actual data, which indicate that 60 min of in vivo salinity exposure is necessary for negative regulation of the proteolytic factor(s) to occur (Fig. 3) . Earlier salinity-exposed time points (t = 5-30 min) still retained degradation activity like that of non-exposed controls. We also homogenized control samples in RIPA with added NaCl so that the overall osmolality of the buffer was equal to (330 mOsm) or higher (613 mOsm) than that of salinity samples, without any change in the degradation Figure 1 . Individual images and paired comparisons of representative two-dimensional gels prepared using pooled whole-organism samples from the following treatments: 12 hr control (15 mOsm), 12 hr in vivo sodium chloride exposure (150 mOsm), and control with in vitro posthomogenization sample heating. Both salinity exposure and heating result in less degradation compared to "control" samples, as seen by a greater number of high molecular weight spots, greater coverage of the 2D space, and a lack of low molecular weight breakdown products and "smear" (lower left of gels). Note that of all comparisons, only the heated and salt gels appear to align; control samples are largely nonoverlapping with any other treatment. Key: (A) control, (B) in vivo salt-treatment, (C) heated control, (D) overlay of control (pink) versus salt (green), (E) control (pink) versus heated control (green), (F) salt (green) versus heated control (pink).
pattern of control samples, indicating that simple carryover of excess salt alone cannot explain our observations (data not shown). The very small differences in sample type osmolality, requirement for a full hour of salinity exposure, and inability to control degradation by adding NaCl during processing all suggest real biological regulation controls activity of the proteolytic factor (s) present in D. pulex.
Mode of Regulation Following Salinity Exposure
To test potential mode of regulation we mixed control and salinity homogenates in varying proportions and visualized these using native 1D SDS-PAGE (Fig. 5) . Degradation is visible in control and all mixed samples; only pure salinity homogenate shows no evidence of proteolytic activity. To ensure that the apparent degradation was not simply dilution of the stable proteome contribution from salinity samples, we quantified the gel by creating a ratio of protein staining intensity of top/bottom within each lane. This produced a ratio which reflects the relative amount of protein distributed in high (intact) versus low (degraded) molecular weight regions of the gel; a higher ratio indicates more intact protein and thus less degradation. This analysis shows a positive exponential fit, suggesting that degradation capability is transferred from the control to salinity homogenate when mixed (Fig. 5) . Pure dilution would be expected to result in a linear fit and thus we reject the possibility that no additional degradation is occurring in the mixtures. If positive regulation of an inhibitor was occurring in the salinity samples, then we predict this inhibitor would also act to prevent degradation of the control homogenate within the mixture and result in a logarithmic fit (the opposite result of observed). Therefore, our data suggest that degradation ability is transferred from the control to the salinity samples, indicating that negative regulation of the proteolytic factor(s) is occurring in the salinity samples.
Degradation Is Heat-Sensitive Typical sample preparation for 1D gels includes a heating step immediately following the addition of loading buffer [for samples (1) E-64, (2) EST(E64-D), (3) Leupeptin, (4) Pepstatin A, (5) TLCK,HCL, (6) TPCK, (7) Complete Minitab, (8) no inhibitor. Degradation was visually assessed using 1D SDS-PAGE. Samples were either heated at 95°C (H) or not heated (NH) prior to loading to allow degradation to occur during electrophoresis. No protease inhibitor tested was capable of preventing visible degradation and separate samples left at room temperature for 6 hr had identical degradation patterns to those represented, confirming that degradation did not occur at the homogenization step but only after introduction of denaturing conditions. [Color figure can be seen in the online version of this article, available at http://onlinelibrary. wiley.com/journal/10.1002/(ISSN) in homogenization buffer, but never urea due to cyanide formation and carbamylation (Kurien and Scofield, 2012) ]; however, in an instance of running a 1D SDS-PAGE gel, we omitted this heating step and found that control samples were degraded while salinity samples retained clean banding patterns. Previously, no degradation had been observed in 1D gels. We hypothesized that a short heating step immediately following homogenizing would be sufficient to permanently inactivate the proteolytic factor(s) even after transfer to denaturing conditions and would reproduce the effects of salinity treatment. Heated control samples (5 min, 95°C) generated a 2D map comparable to that of salinity-treated animals (Fig. 1) . However, these two treatments (in vivo salinity and in vitro heat) did not result in completely identical 2D gels; differences observed are most likely the result of true in vivo protein regulation in response to salinity stress.
Further experiments demonstrate that 70°C is the minimal temperature required for complete inactivation during a 10-min heating, and 2 min is the minimal time required for complete inactivation while at 95°C (data not shown). Use of these milder conditions should aid in avoiding problems associated with protein modification due to high temperature (Kurien and Scofield, 2012) and inclusion of this simple heating step in 2D sample preparation offers one method to address the degradation problems associated with high proteolytic activity in Daphnia extracts, as long as the sample is intended for non-native assays. Furthermore, the similarity between heated control samples and saline samples further supports our initial hypothesis that the drastically different 2D maps of unheated control and salt samples are due to regulation of a proteolytic factor, rather than bona fide proteome differences within the organism.
We also screened a protease inhibitor panel and, in agreement with previous reports (Frohlich et al., 2009) found that no inhibitor was capable of preventing the observed degradation in control samples (Fig. 2) . All salinity samples remained intact with clean banding patterns irrespective of inhibitors (data not shown). In all cases, the non-heated samples remained degraded regardless of inhibitor used, and heating always prevented degradation. Identical patterns were obtained for samples that were either immediately electrophoresed following homogenization (Fig. 2) or allowed 6-hr incubation at 25°C prior to electrophoresis (data not Figure 3 . 1D SDS-PAGE gels of homogenized D. pulex samples in either (A) RIPA homogenization buffer or (B) high-urea UT buffer. Samples were taken at the following time points following exposure to 150 mOsm media: 0 (pre-exposure control), 10, 30, 60, and 720 min (12 hr). For samples in RIPA, intact high MW bands are visible in all timepoints; these bands are lost with a corresponding increase in low MW smear in control/early timepoint samples once processing into high-urea buffer has occurred. This degradation effect does not occur in samples with in vivo salinity exposure of at least 60 min. 2D gels from each timepoint also displayed (C). shown), confirming that degradation did not occur until gel runs began. This observation is consistent with other reports of proteolytic problems arising during electrophoresis when proteases remain active and substrates become vulnerable due to unfolding (North and Beynon, 2001) .
Although the protease inhibitor panel tested indicated that neither any individual inhibitor nor cocktail was capable of controlling degradation, it is impossible to conclude that the observed degradation is therefore not due to protease activity. Given our methodological focus on gel electrophoresis, we used 1D SDS-PAGE gels as our assay for degradation. Because degradation is occurring in denaturing conditions, it is possible that a reversible inhibitor would fail to effectively interact with the responsible protease(s) under these chemical conditions. The additional possibility of multiple proteases acting, each requiring a different type of inhibitor, should also be considered as samples are comprised of whole-organism homogenate. The use of a phenol: chloroform extraction procedure should have removed nucleic acids from the samples, eliminating this class of molecules from consideration (Antonioli et al., 2009) . If a protein-based molecule is responsible for the observed degradation, as seems likely, then ultimately one or more proteases are likely being regulated by salinity exposure. Our data do indicate that negative regulation is occurring, rather than positive regulation of a direct inhibitor, but it is presently impossible to determine if this is direct or the result of an indirect cascade involving various other proteins as well. Exploration of the specific mechanism awaits further study.
Until examining the "preserved" gels created via salinity treatment or heating, the full extent of proteome degradation occurring in "control" samples of D. pulex was difficult to comprehend. The evidence for high constitutive proteolysis in Daphnia extracts prepared by conventional methods should be taken into careful consideration in any study of the Daphnia proteome and our findings are not limited in usefulness to 2DGE, as any method which relies solely upon chemically denaturing conditions (such as various LC-MS/MS protocols) to control proteolysis will prove inadequate. It should be noted that in a LC-MS/MS study which utilized excised bands from a 1D gel, Frohlich et al. (2009) observed that 34% of proteins were identified from more than one band and speculated that this could have been caused by either in vivo post-transcriptional, in vivo posttranslational, or in vitro post-homogenization proteolysis. Our data indicate that no post-homogenization proteolysis occurs until samples are exposed to denaturing conditions and suggest that the observed diversity of molecular masses for any given protein is likely due to pre-existing in vivo processing, as long as proper care has been taken to avoid artifactual proteolysis.
CONCLUSION
Our data suggest that there exist in D. pulex one or more proteolytic factors with the following characteristics: (1) endogenously active within the organism under normal control conditions, (2) negatively regulated in vivo during salinity stress, (3) biochemically stable under typically denaturing conditions, and (4) inactivated in vitro by heat.
